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ABSTRACT
Although it is fairly established that Gravitational Instability (GI) should occur
in the early phases of the evolution of a protoplanetary disk, the fate of the clumps
resulting from disk fragmentation and their role in planet formation is still unclear.
In the present study we investigate semi-analytically their evolution following the
contraction of a synthetic population of clumps with varied initial structure and or-
bits coupled with the surrounding disk and the central star. Our model is based on
recently published state-of-the-art 3D collapse simulations of clumps with varied ther-
modynamics. Various evolutionary mechanisms are taken into account, and their effect
is explored both individually and in combination with others: migration and tidal dis-
ruption, mass accretion, gap opening and disk viscosity. It is found that, in general,
at least 50% of the initial clumps survive tides, leaving behind potential gas giant
progenitors after ∼ 105 yr of evolution in the disk. The rest might be either disrupted
or produce super-Earths and other low mass planets provided that a solid core can
be assembled on a sufficiently short timescale, a possibility that we do not address
in this paper. Extrapolating to million year timescales, all our surviving protoplanets
would lead to close-in gas giants. This outcome might in part reflect the limitations
of the migration model adopted, and is reminiscent of the analogous result found in
core-accretion models in absence of fine-tuning of the migration rate. Yet it suggests
that a significant fraction of the clumps formed by gravitational instability could be
the precursors of Hot Jupiters.
Key words: planet formation - extrasolar planets - protoplanetary dics - gravitational
instability
1 INTRODUCTION
The study of planet formation has been boosted in the last
decade due to unprecedented observational campaigns of ex-
trasolar planets enabled by new telescopes and techniques
(see Wright et al. 2012; Borucki et al. 2011; Sumi et al. 2011;
Lafrenie`re et al. 2010). The large diversity of physical char-
acteristics that these objects show (Ma & Ge 2013) leads
to the idea that there must be more then one mechanism
to generate them. Indeed, they are very different for mass,
composition (from rocky planets to gas giants), radii and
position in the disk (from a few fractions up to hundreds of
au from the central star).
The state of art main formation scenarios are Core Ac-
cretion (hereafter CA) and Gravitational Instability (here-
after GI) (for a review see Armitage 2010). While CA is
generally recognized as the mechanism by which most plan-
ets should form, and it is by construction meant to form
gas giants as well as rocky planets, GI has received revived
interest with the discovery of gas giants at large distances
from their parent stars (a > 30 au) since this is the re-
gion where disks are likely undergoing fragmentation in the
early stages unless they are stabilized by strong irradiation
(Rafikov 2009; Boley 2009; Zhu et al. 2012). On the theo-
retical side, GI, which has been traditionally restricted to
explain gas giants (Boss 1997; Mayer et al. 2002), has been
developed in a new direction in the last few years as it has
been recognized that Tidal Downsizing coupled with accre-
tion of solids and core formation within gas clumps can in
principle lead to Super-Earts and other rocky planets (Boley
et al. 2010; Nayakshin 2010). Furthermore, recent work has
shown that radial migration plays an important role in GI
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as it is already known to play in CA (Baruteau et al. 2011),
possibly leading to planets at distances much lower than
those of their formation site. It is therefore clear that the
fate of clumps produced by GI depends on several mech-
anisms, many of which the same that are also crucial in
CA. While this adds complexity, it is also the sign that GI
has now become a much more mature theory, within which
predictions can now be made beyond the short timescales
probed by simulations (Zhu et al. 2012) by combining ana-
lytical calculations of several processes, as it has been done
in CA for quite a few years (Alibert et al. 2005). Among
other processes that have been recentely considered in GI
studies, there are the sedimentation of dust and core for-
mation (Boley et al. 2010; Nayakshin 2010; Forgan & Rice
2013b) This potentially allows to start making predictions
that can be verified or falsified by observations, as it has
been done now for a few years with CA, and finally allows
to compare both formation theories on the same ground.
Indeed, although the concept of GI as a giant planet
formation model has been around for a long time (Kuiper
1951), studies of the long term dynamical evolution of
clumps formed in GI are just now beginning to appear (Zhu
et al. 2012). This isn’t the case of CA, where studies of
population synthesis models (Mordasini et al. 2009) have
been proposed over the last years, making it possible to pro-
duce statistical expectation of the characteristics of extra-
solar planets formed via this mechanism.
While fully radiative 3D simulations are too expen-
sive to allow carrying out studies of clump evolution on
long timescales (Boley et al. 2010), simpler 2D simulations
with phenomenological cooling pescriptions (Vorobyov 2013)
have recently been used to study the likelihood that frag-
ments are the progenitors of the giant planets and brown
dwarfs that are detected at tens of au from the hosting star
(Marois et al. 2008; Kalas et al. 2008). These works find
that most of the clumps migrate inward rapidly and are de-
stroyed by tides in the inner region of the disk before they
can become full fledged planets, leading to the conclusion
that succesfull planet formation by GI is a rare occurrence
in general. However, these simulations have low resolution
(a few AU with their grid size), which likely leads to artifi-
cial clump disruption by tides at small radii, an effect that
is known to have plagued simulations of self-gravitating col-
lapse with non-adaptive grid techniques in other fields of
astrophysics, such as star formation and cosmological struc-
ture formation (Durisen et al. 2007; Mayer & Gawryszczak
2008, for effects of resolution on disk fragmentation in vari-
ous numerical techniques). Futhermore, no existing numer-
ical simulation of self-gravitating protoplanetary disks by
either grid-based or SPH codes, has enough resolution ro re-
solve the internal structure of the clumps and allow studying
properly their collapse. Clump collapse is crucial since it will
determine the response of the clumps to migration and tides
by affecting its density, mass and temperature, as shown by
analytical studies that focus on this process (Helled & Bo-
denheimer 2011; Vazan & Helled 2012).
In order to be able to make prediction of the charac-
teristics that a population of extrasolar planets formed via
GI would present, more accurate studies of the very early
stage of clump formation and evolution are needed. Indeed,
the main question regarding GI is: are the clumps that form
going to survive the interaction with the disk and hosting
star, or will they be disrupted?
Fortunately, the first high-resolution 3D fully hydrody-
namical simulations of clump collapse have been performed
(Galvagni et al. 2012, and Galvagni et al. in prep.), adding
a new important step that goes in the direction of answer-
ing these questions properly. The results of the published
collape simulations constitute the backbone of this paper.
As a first approximation, we can divide the lifetime of a
clump into two parts: pre-dissociation and post-dissociation
phase. It is indeed known that, while a clump contracts,
it will eventually reach inner temperature and density high
enough to dissociate molecular hydrogen (Masunaga et al.
1998). During this phase, the gas behaves as if it were al-
most isothermal, with an effective adiabatic index of 1.1.
This is due to the fact that a fraction of the thermal en-
ergy increased by gravitational collapse is used to break the
molecular bound and doesn’t lead to an increase of temper-
ature, and as a result the pressure support is reduced. This
leads to a fast collapse that shrinks the clump into a more
compact object. Once the clump has undergone this process,
it can be safety assumed to be so compact that it would re-
sist interaction with the disk and hosting star, being then a
real protoplanet.
Due to its much longer timescale phase the key phase is
thus the first phase of the clump life: if it is able to reach the
dissociation of hydrogen (called second core collapse, here-
after SCC) without being priorly disrupted, then we can
assume it is a real protoplanet.
Nayakshin & Lodato (2012); Zhu et al. (2012); Forgan
& Rice (2013b) recently presented first attempts towards
a population synthesis model for GI, by coupling the evo-
lution of clumps during the first collapse phase with their
interaction in the disk.
However, none of these works relies on accurate clump
collapse simulations, rather it assumes a timescale for the
collapse in the first phase or it computes that while assum-
ing quasi-static collapse based on the notion that the dy-
namical time is always much shorter than the cooling time.
However, detailed studies of clump collapse assuming near
hydrostatic equilibrium at all times obtain clump collapse
timescales that are up to 2 orders of magnitude longer rel-
ative to those found in the 3D hydro simulations. Since the
relation between the timescale of the various processes in-
volved is ultimately what will decide the fate of the clumps
(Boley et al. 2011; Nayakshin 2010; Zhu et al. 2012), start-
ing from a self-consistent model of internal clump evolution
becomes a pivotal factor.
The aim of the study herein presented, is to address the
following question: how many of the clumps formed via GI
in a standard circumstellar disk will survive to SCC? And
what will be their characteristics? The answer will give an
estimate of how luckily is GI to be a valid mechanism for
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Table 1. Physical mechanisms implemented in the different scenarios.
Migration+Tidal Disruption Mass Accretion Gap opening Mass Accretion during gap
Set A Yes No No No
Set B Yes Yes No No
Set C Yes Yes Yes Yes
Set C m0 Yes Yes Yes No
forming planets. Nevertheless, this work does not represent
a synthesis population model for GI, as the final characteris-
tics of the population of planets formed via this mechanism
still depend on the evolution that the clump undergoes from
SCC on. It is indeed expected that the evolution of clumps
after SCC will be dominated by scattering, migration and
dynamical interactions between clumps and the hosting star.
This late evolutionary phase is therefore crucial in explaining
the characteristics of observed planets, such as the misalign-
ment of Hot Jupiters (Ma & Ge 2013). Indeed, it has been
proposed that dynamical interactions alone can be the ori-
gin of Hot Jupiters (Chatterjee et al. 2008). A prediction of
these quantities and features is therefore beyond the scope
of this work, and our results should be taken only as an es-
timate of the final position and mass of the planets when
SCC happens, not of the final planet population.
The paper is organized as follow: the next section
presents the methods, with detailed explanation of the im-
plementation of the different physical mechanisms taken into
account. Section 3 presents the results of our simulations,
which are discussed in section 4. The conclusions are given
in section 5.
2 METHODS
We consider the evolution of a set of clumps formed via
GI inside a disk, from the fragmentation of spiral arms to
SCC. Since our focus here is to study the fate of clumps
provided that they form by GI, rather than the conditions
to form clumps by GI in disks, we will not study the frag-
mentation phase of a Toomre-unstable disk as done in eg.
Zhu et al. (2012); Forgan & Rice (2013b). Instead, we will
assume that clumps are already present and study their evo-
lution under the combined action of all the key mechanisms:
collapse, migration, mass accretion, and tidal effects. As in
all the semi-analytical works on the subject so far, we will
not include the effect of the dynamical interaction between
different clumps, which is known to take place in 3D disk
simulations, leading occasionally to clump-clump merging
and rendering their orbital dynamics more stochastic than
expected if only inward radial migration takes place (Bo-
ley et al. 2010; Zhu et al. 2012). Therefore, in our model
we are essentially considering the simple situation in which
there is one clump per disk and, therefore, by generating a
population of clumps as we will do, we are following a pop-
ulation of protoplanetary disks in which fragmentation has
taken place. What fraction of the overall disk population
the latter population represents is beyond the scope of this
paper. Considering only one clump per time is a simplifica-
tion and is therefore a first step towards the development
of a complete population synthesis model for GI. 3D sim-
ulations, indeed, show that usually the formation of a first
clump in a GI unstable disc triggers subsequent fragmen-
tation of spiral modes, that leads to the formation of 3-4
clumps per time(Kratter & Matzner 2006; Meru 2013; For-
gan & Rice 2013a). However, 2D simulations, which are less
accurate than 3D simulations but can probe a larger parame-
ter space, show that in most cases clump-clump interactions
are not the dynamical dominant process (Zhu et al. 2012).
Therefore we do not expect this simplification to have a ma-
jor impact on the final results.
We generate a population of clumps in a random way
(see section 2.1) and evolve each of them independently.
Three different scenarios are explored (see table 1). In all the
scenarios, clump contraction, migration and tidal disruption
are taken into account. In scenario B, mass accretion from
the disk onto the clump is added. Scenario C implements
also a gap opening criteria. For each scenario, different sets
of simulations are run, changing the initial conditions and
exploring different gap opening implementations.
This study concentrates on the formation of gas giant
planets; we therefore neglect as a first approximation grains
coagulation and core formation. Due to this approximation,
we are not able to capture the formation of rocky planets
through tidal downsizing.
The disk model and initial conditions are presented in
2.1; all the phenomena implemented in the different scenar-
ios are presented from 2.2 to 2.5.
2.1 Disc model and Initial Conditions
In a protoplanetary disks self-gravitating clumps can
form from the fragmentation of spiral arms in Toomre un-
stable disks (Boss 1997; Mayer et al. 2002). Recently a new
mechanism has been proposed for the formation of these ob-
jects (Hopkins & Christiansen 2013) based on turbulence-
induced fragmentation in self-gravitating disks occurring
even when the disk is Toomre stable. We will not consider
this case, as it is a less likely occurence and requires further
scrutinity. The focus is then on clumps which form from
the fragmentation of spiral arms when Qmin < 1.4 (Durisen
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Figure 1. On the left, surface density profile of the circumstellar disk. On the right, Toomre parameter profile. The horizontal dashed
line corresponds to the critical fragmentation value Qcr = 1.7. Scales are logaritmic.
et al. 2007), as found by a wide range of calculations. We
also assume that a disks self-regulates to a marginally stable
steady state immediately after fragmentation (Qmin = 1.7,
see disk Q profiles in Figure 1), neglecting the possibility
of recurrent fragmentation epochs sustained by either disk
mass loading or sudden opacity changes that shorten the
cooling time, since this would require following disk evolu-
tion (Vorobyov & Basu 2009a). We emphasize once again
that our model is intentionally simple and errs on the side
more effects that would favour clump formation and survival
rather than the opposite (see Summary/Discussion section
on caveats).
Our starting point is thus the disk configuration soon
after fragmentation. We generate two different sets of initial
conditions. In each case, the only quantities we need to spec-
ify for the clumps are: initial semimajor axis a, mass clump
Mclp and mass radius r.
Fragmentation is more likely in the early stage of the
disk lifetime, when the disk is still quite massive due to
gas accretion from the environment and the star is still
growing significantly in mass via accretion, as in Class 1-
2 phases (Machida et al. 2010; Eisner 2012). We therefore
assume that the star mass is Mstar = 0.6M while the
disk mass is 30%Mstar = 0.18M. According to the results
in Lodato & Rice (2004); Forgan et al. (2011), this choice
of disk mass allows to safely assume the angular momen-
tum transport to be local and therefore the viscosity of the
disk can be parametrized via the dimensionless α parame-
ter (Shakura & Sunyaev 1973). The observational dissipa-
tion timescale for a circumstellar disk is of the order of Myr
(Haisch et al. 2001), while the typical timescales for the evo-
lution of clumps formed via GI is of the order of 105 yr (col-
lapsing and migrating timescales, see the next sections). We
can therefore safely neglect the time evolution of the disk.
Due to this simplification, we can adopt a steady state disk
as our background disk model, whose surface density profile
Σ is given by the numerical solution of the equation
∂
∂a
[
a1/2
∂
∂a
(
νΣa1/2
)]
= 0 (1)
as implied by the diffusion equation for a thin viscous disk
in Lynden-Bell & Pringle (1974) when assuming ∂Σ/∂t = 0.
Figure 1 show the surface density and the Toomre parameter
profiles obtained.
In the above equation ν = ν0a is the viscosity of the
gas. We assume that the radius of the disk is 150 au, as
found in simulations. By fixing the total mass of the disk
the ratio K/ν0 is determined, where K is a constant of inte-
gration. Hence the viscosity remains a free parameter if only
the mass of the disk is specified.
In both sets the initial semimajor axis a is assumed to be
in the region where the Toomre parameter is near the mini-
mum, where it is most likely that clumps have been formed
(while the disk profile adjusts as the disk self-regulates no
large radial excursions are seen in the location of the min-
imum Q as long as the physical conditions in the disk do
not change, see eg Mayer et al. 2004). The determination of
the region where Q is minimum is affected by parameters
such as the star and disk mass and the disk viscosity. At the
same time, it is unaffected by the disk radius. This param-
eter indeed does not play a major role in determining the
disk profile, as the value of Σ in the outer part of the disk is
small, and therefore a large change in the value of the disk
radius leads to a minor redistribution of the mass and con-
sequently to a small change in the Toomre profile. The only
case where the disk radius could play a major role, would
be considering a compact disk, where typically a < 60 au.
However, this is not the case explored in the present work,
as GI would not be possible in this environment. As it can
be seen in figure 1, the latter region is between 80 au and
120 au. In the first set (hereafter IC) the initial mass Mclp
and radius r of the clumps are taken to match typical values
found in GI simulations (Boss 2011; Galvagni et al. 2012): r
is taken in 1.0−6.0 au while Mclp in the range 0.5−5.0MJ .
The mass range is consistent with Boley et al. (2010), where
it has been found that the typical mass of a fragment is
nearly an order of magnitude lower than the local Toomre
mass due to effects in the nonlinear regime of gravitational
instability. A second set of more massive initial condition
c© 0000 RAS, MNRAS 000, 000–000
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Table 2. Histograms of the initial conditions for the clumps in the set IC (on the top) and ICM (on the bottom). For each line: on the
left, histogram of the contracting timescale for the clumps evolved; in the middle and on the right, respectively, histogram of the inner
temperature and density (in log scale).
(hereafter ICM) is generated. In ICM the clump mass is as-
sumed to be in the range 5−12MJ and the clump radius has
been rescaled to 2− 12 au in order to have a similar initial
density in the two sets of initial condition. This second more
massive set is meant to include, in a very first approximation
form, the possibility of multiple fragmentation followed by
merges between the clumps. It is indeed still unclear if the
outcome of GI is usually single or multiple clump formation.
In the latter case, merges between the clumps are expected,
as they are massive (gravitational focusing) and they form in
a relatively small region. Moreover, this second set of more
massive clumps is consistent with the initial conditions as-
sumed in Vorobyov (2013) and Forgan & Rice (2013b), or
also with the masses of clumps formed in the earliest phases
of protostellar disk evolution soon in the first few 104 years
following the collapse of the molecular cloud core (Hayfield
et al. 2011) , making comparisons with other works more
feasible.
2.2 Clump contraction and migration
The fate of the clumps is determined from the compe-
tition between contraction and tidal disruption due to the
presence of the central star, modulated by mass accretion
and radial migration which affect contraction and disrup-
tion. The contraction/collapse timescale is assumed to be
the time to reach SCC, as it is known that when a clump un-
dergoes second core collapse its size shrinks and its density
increases by order of magnitudes (Masunaga et al. 1998),
making it safe from tidal disruptions and therefore a real
protoplanet. The tidal disruption timescale on the other
hand will depend on the migration timescale of the clump,
as it can be disrupted only if it gets close enough to the star
that its radius becomes large enough that the outer part is
no more gravitationally bounded to the clump.
In this work the contraction timescale to reach SCC is
assumed to be the time to have the dissociation parame-
ter? in the inner part of the clump of 1 % †. We use the
results presented in Galvagni et al. (2012) to determine the
contracting timescale for each clump. Galvagni et al. (2012)
presents 3D high-resolution study of the collapse of a re-
alistic clump formed via GI, taking into account also its
initial rotation and non axisymmetric state. The timescales
? The dissociation parameter is defined as the ratio between protons in the atomic form of hydrogen over the total number of protons
in the gas.
† SCC is a non linear effect, with a strong back feeding component. Indeed, when dissociation of hydrogen starts, the fast collapse
increases locally the gas temperature, triggering dissociation in gas parts where it was still not active. Dissociating parameter of 1 % is
therefore a safe assumption to consider all the clump in SCC phase.
c© 0000 RAS, MNRAS 000, 000–000
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therein presented are therefore the more realistic ones cur-
rently available. This work shows that when a clump forms
from the fragmentation of a spiral mode due to GI, it un-
dergoes a quite fast phase (of the order of a few dynamical
times) where the initial asymmetries lead to a redistribu-
tion of the angular momentum. After this phase, the clump
becomes spherical and its contraction becomes constant, so
that it becomes possible to extrapolate the evolution of the
inner density and temperature, and therefore the contract-
ing timescale.
Due to the presence of this first unstable phase, the
clumps we generate as initial conditions are not the clumps
that are formed just after fragmentation of the spiral mode,
but a few dynamical times after that. In this way, it is pos-
sible to use in a confident way the extrapolation results ob-
tained in the previous paper. Postponing the initial evolu-
tion time of the clumps leads to an uncertainty in the posi-
tion of the clump in the disk, as it still undergoes migration
in the very first phase we are neglecting. Nevertheless, as
this neglected phase is fast, and as there already is an un-
certainty on the initial semimajor position of the clump, we
can safety assume that this procedure doesn’t affect our re-
sults. The main consequence of neglecting this initial phase
is that the initial temperature and density of the clump have
larger values that the ones usually observed in simulations
for clumps formed into spirals.
In order to perform a statistical study of the fate of
clumps generate via GI, we need to generate a large popula-
tion of realistic initial clumps. The initial values of density
and temperature are calculated by rescaling the clump sim-
ulated in Galvagni et al. (2012) to fit the mass and radius
of the new clump:
ρ′ = ρ0
M ′
M0
(r0
r′
)3
(2)
T ′ = T0
M ′
M0
r0
r′
(3)
with r0, M0, ρ0 and T0 radius, mass, inner density and tem-
perature of the clump in Galvagni et al. (2012) and r′, M ′,
ρ′ and T ′ values for the random generated clump. The first
rescaling comes from the definition of density. The second
rescaling comes from assuming that the ratio between grav-
itational and thermal energy stays constant between differ-
ent clumps. Figure 2 presents the distribution of contracting
timescales, initial inner temperature and density for the two
set of clumps generated in this work (IC and ICM).
The derived collapsing timescale depends on the initial
rotational status of the clump, and how it redistributes the
internal angular momentum. Nevertheless, we can assume
that the derived collapsing timescales are a safe overesti-
mate. Indeed, the initial ratio between rotational and grav-
itational energy is T/|W | = 0.15 for the reference clump in
(Galvagni et al. 2012), but quickly gets to higher values dur-
ing the first collapsing phase. Therefore, if the initial value
were lower, it would mean that the clump is a very slow ro-
tator, and the collapsing timescale would decrease. On the
other hand, if the initial value of T/|W | were larger, the
strong rotational component would lead to the formation
of a bar instability, which is a very effective structure for
angular momentum redistribution. Therefore, the angular
momentum of the inner part of the clump would be trans-
ferred outward, leading also in this case to a decrease of the
collapsing timescale.
Once the clump forms in the outer part of a disk, it
starts migrating due to the interaction with the disk. The
migration characteristics are strictly related to the local disk
properties; it is usually inward, although it could be out-
ward in some particular cases (Bate et al. 2003; Nayakshin
& Lodato 2012). In this work, we assume that the migra-
tion is inward, following the result presented in Baruteau
et al. (2011). Equation 4 describes the migration timescale
for a clump in a similar mass and radius range as the one
we study:
τ = Torb5.6(3.8− σ)−1γQ
( q
h3
)−1 ( h
0.1
)−2
(4)
with σ = 1.3 power of the density surface of the disk,
γ = 5/3 adiabatic index, Q local Toomre parameter, calcu-
lated from the disk profile, q ratio between clump and star
mass, h disk aspect ratio. The inward migration is stopped
when the clump reaches 0.01 au, as at that distance the mag-
neto field coming from the star prevents it to migrate even
further in. The value for the inner disk edge of 0.01 au is
chosen in the typical range for magnetospheric boundaries
(Armitage 2010). Assuming that the clump stops when it
reaches this value is a simplification, as mass accretion onto
the star through the magnetic field lines is still possible in
principle. Nevertheless, we assume that this process do not
significantly affect the clump mass, as the Alfven velocity
associated to a typical T Tauri star magnetic field of 1 kG
(Armitage 2010) is 3 orders of magnitudes lower that the
escape velocity from the clump itself. We also impose a zero
mass accretion onto the clump once it has reached the in-
ner disk edge, in order to take into account the presence of
competitive mass accretion onto the star through the mag-
netic field lines. As at the state of the art there is no precise
knowledge of how this process happens, and therefore a cor-
rect treatment of it is out of the reach, the authors feel that
our treatment is a reasonable simplification of the process.
The migration timescale has been derived for clumps whose
mass is in the range q = 10−4 − 5× 10−3. According to the
stellar mass value used in our simulations, these value cor-
respond to a clump mass in the range Mcl = 0.1MJ − 5MJ .
This doesn’t mean that for values outside this range the
migration formula doesn’t apply, but that it has not been
tested. In our semi analytical model, this mass range cov-
ers the majority of the studied clumps. Indeed, those whose
mass is reduced to a value lower than 0.1MJ by tidal strip-
ping do not survive the stripping phase. As this phase is
fast compared to migration timescales (102 years), a modi-
fication in the migration formula would not play any role in
the final result. For clumps whose mass is higher than 5MJ ,
on the other hand, we still assume formula 4 as we do not
c© 0000 RAS, MNRAS 000, 000–000
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identify any physical reason why it should not hold in this
regime as well, despite not having been directly tested.
The contracting and migration timescales are both of
the order of 104 years. This means, they have comparable
values and therefore we need to follow the evolution of each
clump in the disk in order to predict its fate.
2.3 Tidal disruption
While the clump moves inward, the outer part feels the
gravitational interaction from the hosting star. If the clump
gets close to it faster then it contracts, the outer part
is stripped away. The distance at which this happens is
usually assumed to be the distance at which Hill radius
Rh = a × (Mcl/(3Mstar))1/3 and clump radius are equal.
We assume that the outer part of the clump is disrupted
when its radius equal one third of the Hill radius. This fac-
tor of 1/3 arises when it is taken into account the rotation
of the clump, which makes it more prone to be disrupted.
Boley A. C. and T. Hayfield (private communication), in-
deed, show that a typical clump formed in GI simulations
is a fast rotator, and that the rotation affects how tightly
bound it is by this factor. A similar factor has been found
in the work of Zhu et al. (2012), where the clumps’ radii are
close to half the Hill radii. We choose to follow the factor
1/3 as it arises from 3D simulations, while the second study
has been performed with 2D simulations.
When tidal disruption strips away the outer part of
the clump, its mass is reduced accordingly. This makes the
clump smaller, which leads to a larger migration timescale
(see equation 4). The clump then slows down, so that it can
have enough time to contract and to get out from the tidal-
interaction disruption region. The clump then can survive a
tidally downsizing phase.
2.4 Mass accretion
While the clump moves in the disk, it can accrete mass from
the disk itself. In this work the mass accretion rate is cal-
culated starting from equation 17 in Boley et al. (2010). In
the latter, nevertheless, the clump is in the outer part of the
disk, so that when this formula is used in the inner region,
where the disk gas density is larger by orders of magnitude,
it leads to unphysically large mass accretion rates. In or-
der to fix this, we assume that for every order of magnitude
increase in Σ, the mass accretion rate increments only of a
factor of three, as it has been described in Shabram & Boley
(2013). The formula for mass accretion rate then becomes:
M˙ = 1×10−7×3log[Σ/Σ100]
(
Mcl
MJ
)2/3 (
Mstar
M
)−1/6
M/year
(5)
with Σ100 surface density at a = 100 au. While the
clump accretes mass, it radiates away the extra gravitational
energy that comes from this accretion. If the timescale for
the accretion is lower than the timescale to radiate this en-
ergy away, then the accretion gets stopped from a radia-
tion pressure coming from the clump itself. The timescale
over which the radiation happens is called Kelvin Helmotz
timescale, and can be evaluated as the ratio between the
gravitational potential and the luminosity of the clump. If
it is assumed that the clump radiates as a black body, the
Kelvin Helmotz timescale is then
TKH =
U
L
=
GM2cl
4piσSBT 4r3
(6)
with σSB Stephan Boltzmann constant and T mean temper-
ature of the clump. If this timescale is longer then the accre-
tion timescale TM = Mcl/M˙ , the mass accretion is stopped
from the radiation pressure, and the mass accretion has an
upper limit equal to M˙max = Mcl/TKH . When the clump
is at 0.01 au from the star, the mass accretion is zero, as at
that location the disk has been cleared from the magnetic
field of the star (Koenigl 1991). Moreover, we assume that,
even if the inner disk has not been completely cleared by
the presence of gas, the competing accretion from the host-
ing star through its magnetic filed lines, that in this region
are by definition strong, will make the accretion onto the
clump negligible. On the other hand, as the clump radius
is smaller than a third of the Hill radius, we assume that it
will be able to resist disruption by the star.
We compare the mass accretion rates found using this
criteria with those presented by Nayakshin & Cha (2013),
where the back reaction of clumps onto the disk due to hy-
drodynamics feedback is analyzed. We find that the accre-
tion rates are similar, as would be expected as the formulas
we are using have been derived from simulations where gas
cooling and radiative feedback are implemented.
When the clump accretes mass, its gravitational en-
ergy increases as well. In order to keep constant the ratio
between gravitational and thermal energies, the clump ra-
dius increases accordingly. We can assume that this pro-
cess happens isothermally by comparing the accretion and
cooling luminosities. The accretion luminosity is given by
Lacc = GMM˙/R, and has typical values of the order of 10
30
erg/s. The cooling luminosity can be evaluated as the black
body luminosity emitted by the clump Lcool = 4pir
2σSBT
4
ps
where Tps = 2.7×105(vff/100) K is the post shock temper-
ature and vff gas free fall velocity in km/s. Typical values
of the cooling luminosity are in the range 1041 erg/s. Such
a large value of the Lcool compared to Lacc leads to a very
quick lost of the heat generated by the accretion shock. As
the clump temperature stays constant during this process,
the radius rescales with the following rule:
r′ = r + δr = r
(
1 +
δM
Mcl
)
(7)
2.5 Gap opening
While the clump is migrating in the disk, it can open a gap
if it is massive enough that the gravitational torques that
it excerts on the disk overcome the local torque given from
the disk viscosity ν. In this work we adopt the gap opening
criteria presented in Crida et al. (2006) and Kley & Nelson
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(2012):
3
4
H(a)
Rh
+
50
q< ≤ 1 (8)
with H(a) local disk scale hight from vertical hydrostatic
equilibrium condition H(a) = cs × a/vK (vK local Keple-
rian velocity) and < = a2Ω2/ν = (a2Ω)/(αH(a)2) Reynolds
number (ω Keplerian angular velocity at a, α viscosity pa-
rameter). Although this result has been obtained for viscous
disks, we adopt it also in a self-gravitating disk case.
When a gap is opened, the migration timescale becomes
similar to the local viscous diffusion timescale (Lin & Pa-
paloizou 1986):
τvis =
a2
ν
(9)
For a typical case of gap opening at 50 au, the local viscous
diffusion timescale is between 105 yrs and 106 yrs, depending
on the assumed viscosity value.
The mass accretion onto the clump is affected as well
from the gap opening process. The local Σ decreases by a
factor of 10 (cfr figure 1 in Crida et al. (2006)). We there-
fore assume that the mass accretion is the same you would
have if the clump were embedded in a disk with this lower
density surface. This is not completely correct, though, as
it assumes that mass accretion would proceed in the same
way even though the clump is not actually embedded in the
disk gas now. Therefore, we run a second set of simulations,
where mass accretion is completely stopped when the gap is
opened. These two extreme cases give a lower and a higher
limit on the final mass of the clump.
3 RESULTS
We create a set of 1000 clumps built with IC and 1000
clumps built with ICM and evolve each of them in four
different scenarios: A,B,C and C m0. Clumps collapse, mi-
gration and tidal disruption are implemented in all these
four configurations. The other physical mechanisms are im-
plemented in different ways between the sets, in order to
separate the effects of each of them on the clump evolution.
Table 1 highlights the differences between the scenarios.
As there is no general consensus in the community
about the value for the viscosity parameter α, scenario C
is run for two different spatially and temporally uniform
values: α = 0.05 and α = 0.005. This is considered to be a
realistic range from simulations and model studies. Indeed,
the results of circumstellar evolution models presented in
Vorobyov & Basu (2009a,b) show that values of α ≥ 0.1 lead
to the destruction of the disk in less then 1 Myr, incompat-
ible with the observational data. Moreover, they show that
values of α ≥ 0.01 manage to reproduce the mass accre-
tion rate of gas onto young disks but decreases the chances
to have GI. The work of Lodato & Rice (2004) shows that
when the disk fragments, α = 0.05. We expect the value
of α in the disk region inside the fragmenting region to be
lower than this, as otherwise the disk would have experi-
enced fragmentation al lower semimajor axis. Therefore, we
take this value as an upper limit. Smaller values of α have
been derived in studies which try to enligth the physical
processes that generate turbulence; the study Nelson & Pa-
paloizou (2004), for example, where turbulence is generated
via ideal MHD, gives a value α = 7 × 10−3. Out choice
α = 0.05 and α = 0.005 is therefore meant to explore all the
range of possibilities. In the first case, the clumps are never
able to open a gap; therefore the results from simulations C
with α = 0.05 are the same as simulation B, and they are
not shown. In the second implementation (α = 0.005), mass
accretion onto the clump when the gap opening criteria is
fullfilled is implemented in the two limiting cases described
in section 2.5. See table 1 for the details of the sets of sim-
ulations performed.
Table 3 shows the probabilities for the different out-
comes of the clump evolution in the simulations sets: clump
survival without undergoing tidal disruption, clump survival
after being affected by tidal downsizing and clump disrup-
tion. It is also shown the probability of gap opening in sce-
nario C. Figures from 2 to 4 show the distribution of final
mass, radius and semimajor axis for the survived clumps.
Figure 5 shows mass, radius and semi-major axis position of
the clumps that are able to open a gap in scenario C. Fig-
ure 6 shows the evolution of two clumps (one from the set
IC, one from ICM) in the four different scenarios. The latter
figure stresses how the inclusion of the gap opening criteria,
in the case of a low viscous disk, is the physical mechanism
that dominates the final outcome of the clump evolution.
It is remarkable that in figure 6 the same clump can either
survive or be disrupted depending on whether or not there
is gap opening.
We run the models until the protoplanet has reached the
second collapse phase, so this is the time that we indicate as
”final” from now on. From that point onward the clump will
collapse dynamically to a very small size, becoming virtually
insensitive to tidal effects, but can in principle continue to
accrete mass and will continue to migrate. However, to date
there are no 3D numerical simulations exploring this late
phase of the protoplanetary collapse and with enough reso-
lution to resolve the clump collapse and the interaction with
the disk and the hosting star at the same time. Therefore,
it is not possible to construct a simple model. Furthermore,
disk evolution, driven by accretion onto the star and irradi-
ation/photoevaporation, should be accounted if we had to
probe longer timescales. Therefore we decided to postpone
the study of the late phase to a future work. However, in the
Discussion session we comment on the results of trial runs
in which we have continued to evolve the protoplanets while
neglecting disk evolution.
The survival rate is larger then 50 % in all cases. Sur-
vival of clumps without undergoing tidal downsizing is rare,
and happens mainly when the gap opening is implemented.
In this case, moreover, the surviving probability becomes
larger, reaching 90 % in the case with massive initial condi-
tions.
The final mass distribution depends both on the initial
conditions chosen and the number of mechanisms that we
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Table 3. Survival probability without tidal interaction (TD), survival probability after tidal interaction, disruption and gap-opening
probability for the clumps in the eight different sets of simulation.
Set IC ICM
Surv TD Disr Gap Open. Surv TD Disr Gap Open.
A 4 % 53 % 43 % - 0 % 10 % 90 % -
B 0 % 57 % 43 % - 0 % 30 % 70 % -
C 6 % 51 % 44 % 5 % 16 % 72 % 12 % 79 %
C m0 6 % 51 % 44 % 5 % 16 % 72 % 12 % 79 %
have taken into account. When the gap opening is not imple-
mented, indeed (scenario A and B) only small clumps man-
age to survive, as the larger ones have migration timescales
very short and get disrupted. Clumps have masses up to
3MJ (with typical value of 1.5MJ) for the initial condition
IC and 5MJ (with typical value of 3MJ) for initial condition
ICM (with few exceptions). Once the gap opening is added,
though, even more massive clumps can survive. Indeed gap
opening is more luckily to happen for massive clumps, and
once the gap has been open the clump will be able to sur-
vive. This leads to a mass distribution spread up to 15MJ
in the case with initial condition ICM, when the probability
of a clump opening a gap is quite high (see table 3). Once
the gap has been open, mass accretion is still possible in sce-
nario C, while it has been stopped in scenario C m0. These
two different implementation do not significantly affect the
final mass of the clumps, as the gap is opened in the exter-
nal part of the disk, where anyway mass accretion onto the
clump is not significant.
The final distribution of the clump radius shows that
only clumps that are able to collapse to very small objects
can survive. Moreover, more massive clumps (ICM) need to
collapse more then the lighter ones (IC) to survive, as their
Hill radius is shorter. The inclusion of gap opening prevents
the disruption of some of the large clumps, by preventing
them from getting too close to the star. The final radius dis-
tribution shows that the typical final radius is of the order
of tens of Jupiter radii, with the largest values are found
for those clumps which are able to open a gap, therefore
never experiencing tidal disruption, and can be has high as
104RJ . This result is confident with what has been observed
in Helled & Bodenheimer (2011): in this work only clumps
in isolation were studied, which are comparable to our case
of clumps that open a gap. The final radius that has been
found is of the order 103 − 104RJ also in their work. This
is a non surprising result, as SCC and the successive slow
contraction still have to happen, and those processes are
supposed to reduce the radius by order of magnitudes.
The final semimajor axis distribution shows that sur-
vived clumps tend to sit very close to the star: almost all of
them, indeed, have a final semimajor axis inside 1 au from
the star. When the initial clump is lighter (IC) it can sit
also at larger distances (up to 75 au), while massive clumps
always get very close to the star. This is due to the very
short migration timescale for massive clumps. The inclusion
of gap opening helps the massive clumps to be retained at
larger distances, between 25 and 75 au. Still, a significant
fraction of the survived clumps (15 %) sits in a very inner
orbit.
Figure 5 shows the mass, radius and semimajor axis of
the clumps when they open a gap in scenario C for both
the sets of initial conditions. The clumps that are able to
open a gap are the more massive once. The semimajor axis
is between 25 an 70 au, making it possible the formation of
proto giant planets at those distances from the star.
4 DISCUSSION
The results presented in this work represent a first step to-
wards a more detailed model of the formation and evolution
of clumps via GI. Despite the simple physics implemented,
we can already conclude that GI appears to be a luckily
mechanism to form gas giant planets. From the results pre-
sented, indeed, it is possible to extrapolate some general
behaviour:
• the survival rate for the light clumps is never lower then
50 %. In the case with massive initial conditions, the sur-
vival rate is very low (the miminum being 10 %) as long as
gap opening is not taken into account. Once this is imple-
mented, indeed, survival rates are even higher than in the
low mass case, as a more massive clump is more prone to
open a gap and therefore survive (up to 88 % of surviving
rate). This means that the probability of a clump formed
via GI to become a proto-gas giant planet is quite high.
Not only: the semi-major axis and mass distribution of the
surviving clumps shows that these proto-planets are in the
position and have the right mass to be considered in most
of the cases the progenitors of Hot Jupiters.
• The inclusion of gap opening affects the final fate of
clumps only if the disk viscosity is low, α = 0.005. Larger
values, α = 0.05, indeed, do not affect the clump evolu-
tion. If this is the case, we observe that the gap is always
opened between 25 and 70 au. Once the gap is opened, the
clump migrates on a viscous timescale. Moreover, gap open-
ing is easier for massive clumps, which are those more sub-
ject to being tidally destroyed. Combining these two factors
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together, the net result of including gap opening in a low
viscosity disk is to create a population of survived clumps
with high masses and further out in the disk.
• The simpler scenario A for light clumps and the gap
opening scenarios (for both initial conditions) shows that
there is a (small) population of clumps which survives with-
out ever undergoing a phase of tidal disruption. In the
first case this happens as light clumps have large migration
timescales, so they are able to reach SCC before they get
close to the star, while in the second case the gap prevents
some clumps from getting in the inner part of the disk.
• None of the clumps undergoes tidal downsizing twice.
If they survive the first downsizing, they will become small
enough to have the contraction timescale winning over the
migration one.
The study presented in this paper aims at giving well
physically motivated estimates for the evolution of clumps
formed via GI, using the latest results from simulations
and other works. Despite this, in most cases we had to in-
clude only a first order approximation of the physical mech-
anisms involved, partially for simplicity and partially be-
cause a complete description of some of those mechanisms is
still missing. As an example, the herein derived contracting
timescales are supposed to be a better estimates compared
to the ones currently available, which derive from 1D col-
lapses (Helled et al. 2006; Forgan & Rice 2013b). Once 3D
asymmetries and angular momentum transport inside the
clump itself are taken into account, indeed, the contraction
is quicker than usually calculated. Nevertheless, improve-
ments on those estimates are expected through a more de-
tailed description of the physics involved in the collapsing
phase. In particular, the inclusion of flux limited diffusion in
the cooling routine is a natural improvement which is sup-
posed to slow down the contraction. A detailed study of the
inclusion of this effect (Galvagni et al. in preparation) nev-
ertheless shows that this time increase is within one order
of magnitude; we can therefore use the currently available
timescale as a first approximation study. Moreover, there
are some physical mechanisms which haven’t been taken
into account and which could lead to a shortening of the
contracting timescale. One case is the opacity evolution due
to the chemical changes in the dust composition during the
collapse, which have been shown to shorten the contracting
timescale (Helled & Bodenheimer 2011). The contracting
timescale herein used can therefore be considered conserva-
tive.
The description of tidal downsizing is done in a first or-
der approximation, neglecting effects due to the reaction of
the clump to the tidal field. Nevertheless, the use of Rh/3
instead of the more common Rh as the maximum radius the
clump can have before being tidally disrupted should take
care of these second order effects, leading our work to con-
fident results. A more precise study of the dependence of
the reducing factor of the Hill radius on the characteristics
of the clump and of the local disk is currently under inves-
tigation. A more precise treatment of the tidal downsizing
phase would impact mainly the clump radius evolution. In-
deed taking into account the heating which comes from the
tides between the star and the clump would increase the
clump radius. The final radius distribution for the survived
clumps is therefore not completely trustable.
The clumps have been studied in isolation, as if each
of them formed alone in the disk from the fragmentation
of spiral modes induced from GI. From simulation studies
(Boss 2011; Vorobyov 2013) and from the existence of multi-
companion systems that could have formed via GI (Marois
et al. 2010), it appears that formation of two or more clumps
at the same time is not rare. The study of the more massive
set of initial condition ICM is meant to partially cover this
scenario. Despite this, our study neglects the clump-clump
interaction (in the same way as core-core interaction has
been neglected in CA synthesis population studies, Alibert
et al. (2005); Mordasini et al. (2012) ), which could play a
major role in determining the final population of survived
clumps. It has to be noted, though, that in most simulations
which show the formation of only two clumps, the spiral
fragments at the opposite extremes, so that the reciprocal
interaction of the clumps can be considered a second order
effect.
One other effect that has being neglected in our study
is photoevaporation from the star onto the clumps (Nayak-
shin & Lodato 2012) once they reach the inner part of the
disk. Moreover, the possibility that the presence of clumps
at the inner edge of the disk can lead to FU Ori outburst
has been neglected as well (Armitage et al. 2001; Zhu 2011).
From our study, it appears that at that stage clumps are al-
ready dense enougth to be able to survive these phenomena,
at least partially; nevertheless a consistent investigation of
these effects needs to be included.
The inclusion of magnetic fields could also play a major
role, as it is known that MRI influences the disk viscos-
ity and surface density profile (Mohanty et al. 2013), which
dominate the interaction between the clump and the disk.
A detailed study of the dependence of the clump evolution
on the disk structure is still needed.
The migration considered in this work is always in-
ward migration. Nevertheless, it is known (Bate et al. 2003;
Baruteau et al. 2011) that migration of clumps is usually
not smooth in one direction, and could even be outward.
Nayakshin & Lodato (2012) relates the migration time to
the mass evolution of the clump, with particular focus on
the tidal downsizing phase. According to their findings, it
is possible to have outward migration driven by mass loss.
In the description given in this work of the tidal downsiz-
ing process, though, the mass loss rate is quite slow (of the
order of a few Jupiter masses per thousand years), so that
the change in angular momentum due to this process is not
able to significantly affect the migration rate.
In this study core formation has been completely ne-
glected, therefore we can not make any quantitative pre-
diction on the formation of rocky/icy planets through tidal
downsizing. A comparison between the time that it takes
for the clumps evolved in this study to be subjected to tidal
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downsizing and the temperature evolution of the core given
in Forgan & Rice (2013b) would show that, if the cores that
form at the center of a clump were able to survive the tidal
downsizing phase, they would for the large part be in the
rocky state. Indeed the inner temperature would have over-
come the critical value of 130 K far before tidal downsizing
starts, due to the fast collapsing timescales assumed. A sec-
ondary effect of these fast timescales would be that the cores
would be smaller that usually calculated (Forgan & Rice
2013b), as they have less time available to growth inside the
pressure maxima of the clump.
In the recent work by Forgan & Rice (2013b) a popu-
lation of clumps formed via GI is followed with a semi ana-
lytical model for 106 years. The main result of this study is
the formation of a large population of Brown Dwarf objects
at large distance from the central star (40 − 60 au). De-
spite the impossibility of a direct comparison between this
result and the analysis presented in this paper, as we stop
at SCC, it is possible to say that our results are not consis-
tent, as the survived clumps from our model are too small
and close-in in the disk to make it reasonable that future
evolution can lead to the same conclusion. This disagree-
ment lies in the different implementations of the physical
mechanisms in the two models. One major difference, is the
assumed mass and semimajor axis of the IC. Forgan & Rice
(2013b), indeed, assumes as initial mass the Toomre mass
and an initial semimajor axis between 20 and 60 au, while we
have the initial mass decreased by one order of magnitude
from the Toomre value, following the 3D numerical results
of Boley et al. (2010), and a more distant initial semimajor
axis. Moreover, the contraction timescale in Forgan & Rice
(2013b) comes from analytical estimates, and it is larger by
orders of magnitude than the timescale we use, which comes
from high resolution numerical simulations. The last major
difference between those two works is that the gap opening
criteria adopted is not the same, and as we know gap open-
ing plays an important role in the evolution of the clumps.
In particular, since the clumps from Forgan & Rice (2013b)
are more massive, they are much more efficient in opening
gaps at large distances, which may lower the tidal mass loss
compared to our simulations. This biases further the final
mass distribution to higher values.
Zhu et al. (2012) presents the study of the evolution of
a set of clumps formed via GI until they encounter the in-
ner disk boundary. Despite the fact that the population of
clumps that have been simulated in this work is too few to
make a statistics (less than 20), it is still remarkable that
the survival rate and the rate of clumps that open a gas is
comparable with our findings. The main differences are that
in the work of Zhu et al. (2012) those clumps have not been
followed in the very inner part of the disk, so we can’t make
any direct comparison with the clumps we observe surviv-
ing at 0.01 au from the star. Moreover, the typical mass of
clumps is larger than the one observed in this work, close to
the Brawn Dwarf range. This peculiarity could be given by
the fact that the simulations performed in Zhu et al. (2012)
are 2D simulations, and therefore they are not ideal for fol-
lowing the formation of fragments in GI and their collapse,
as those processes are inherently three dimensional (Boley
et al. 2010). Moreover, Mayer & Gawryszczak (2008) shows
that the resolution needed in grid codes, like the one used
in the work Zhu et al. (2012), in order to correctly simulate
the fragmentation and collapsing processes of the clumps, is
larger than the one implemented in their work. Using a low
resolution would on one hand prevent the formation of small
clumps, and on the other hand artificially stop the contrac-
tion, leading to an overestimate of mass and radius of the
typical clumps which could explain the discrepancy between
our results.
Finally, as we have explained above, we stop running
our models at the beginning of the phase of second core
collapse, which starts no later than 105 yr after the initial
time. Therefore, strictly we only make predictions for the
properties of a population of protoplanetary clumps in the
pre-dissociation phase. While tidal effects will cease to be
important once the clump collapses dynamically to plane-
tary sizes and densities, migration and accretion can still
be important. We have run a subset of the clumps forward
in time, finding that, irrespective of whether or not they
are allowed to open a gap, in about a million year all the
protoplanets end up at the inner boundary. This is noth-
ing else than the ”fast migration” problem encountered in
population-synthesis models for planets forming via core-
accetion (Alibert et al. 2005; Mordasini et al. 2012; Mor-
dasini 2013).
Therefore, in disk instability, as well as in core-
accretion, one needs to invoke a suppression of migration
or some stochastic effects that lead to a variable direction of
migration, with some clumps moving outward rather than
inward. That the latter can happen is suggested by numer-
ical simulations of fragmenting disks indeed in which mul-
tiple clumps form (Durisen et al. 2007; Boley et al. 2010;
Boss 2011). Additionally, if the gas disk is rapidly dissipated,
dynamical scattering of protoplanets can lead to fast rear-
rangement of their orbits, accompanied by mass segregation
(Papaloizou & Terquem 2001).
5 CONCLUSIONS
The study herein presented aims at understanding the fate
of clumps formed via GI in circumstellar disks. In order to
do that, we studied the evolution of a set of clumps, one per
time, coupling their contraction with the interaction with
the disk and the central star. We performed four set of sim-
ulations, in order to add step by step mass accretion and
gap opening (for both a low and a high viscosity disk).
Our results show that a large fraction of the clumps sur-
vives, contrary to previous claims appeared in the literature
(Zhu et al. 2012; Forgan & Rice 2013b).
The higher surviving fraction is due to the fast collapse
timescales in the dissociation phase. Most importatly, such
a fast collapse timescale is estimated for the first time based
on the results of 3D hydro collapse simulations (Galvagni
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et al. 2012, and Galvagni et al. in prep.). Furthermore, most
of the clumps formed via GI could in principle be precursors
of Hot Jupiters.
Taken face-value, the chance that they are the progen-
itors of massive gas giant planets at distances between 20
and 75 au from the star is not negligible as well. However,
a naive extension of our models beyond the pre-disspciation
phase would lead to the prediction that all clumps have to
become Hot Jupiters or be engulfed by their host star since
migration timescales are always shorter than 1 Myr, no mat-
ter whether or not gap opening takes place. This reflects the
same problem found in core-accretion, namely that migra-
tion has to be much slower or be somehow stochastic, with
inward-directed migration being only one of the possibilities,
in order to be consistent with the wide range of semi-major
axis found among the eoplanet population. Alternatively,
disk dissipation has to be faster than the migration time so
that protoplanets can stop migrating sooner and undergo
gravitational scattering that redistributes their orbits.
The physical mechanism that seems to play a major role
in shaping the properties of the population of clumps until
the pre-dissociation phase is gap opening. The efficiency of
gap opening is strongly tied with disk viscosity in turn. For a
low viscosity disk the survival probability for the clumps get
close to 50 % for low mass clumps and to 90 % for massive
ones. In reality disk viscosity will be spatially and time de-
pendent, likely transitioning from a high viscosity state soon
after fragmentation has taken place (when the disk is still
unstable and therefore gravitoturbulent) to a lower viscosity
state in which gap opening will be effective. Models incor-
porating disk evolution and a more realistic prescription for
viscosity will have to be investigated in the future.
In summary, our results show that GI can in princi-
ple produce protoplanetary clumps that survive the first
evolution phase, up to SCC, when they are more prone to
be disrupted. Therefore those objects could in principle be-
come a large fraction of the population of present-day gas
giants, including Hot Jupiters, as much as CA. An important
caveat, however, is the interaction gas-solid, which has been
neglected in the present study. It is therefore not possible to
make a prediction of the actual structure of the planet, and
a clear connection with known planets and their measured
density is beyond the aim of this work.
A problem associated with excessively migration occurs
here as it does in CA. Indeed, while clumps form at much
larger radii than cores in the core-accretion model, and hence
have a larger distance to cover before they reach the inner
disk, they also have more time to do so since GI is expected
to happen early in disk evolution. A possible mechanism to
stop the inward migration, which has been suggested also in
CA studies, is photoevaporation of the disk (Alexander &
Pascucci 2012; Alexander 2013). Future studies will have to
elucidate the role of migration of clumps in long-term sim-
ulations in order to construct a more realistic model for the
orbital evolution of clumps relative to what we have done
here.
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Figure 2. Final Mass Histograms of the final mass distribution for surviving clumps (in MJ units). From left to right: scenario A,B,C
and C m0. In black, clumps that survive after tidal downsizing. In grey, clumps than never undergo tidal downsizing.
.
Figure 3. Final Radius Histograms of the final radius distribution for surviving clumps (in RJ units). From left to right: scenario
A,B,C and C m0. In black, clumps that survive after tidal downsizing. In grey, clumps than never undergo tidal downsizing.
.
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Figure 4. Final Semimajor Axis Histograms of the final semimajor axis distribution for surviving clumps (in au units). From left
to right: scenario A,B,C and C m0. In black, clumps that survive after tidal downsizing. In grey, clumps than never undergo tidal
downsizing.
.
Figure 5. Gap Opening Histograms of (from left to right) the mass (in MJ units), semimajor axis (in au units) and clump radius
(in RJ units) for the clumps when they open a gap in the disk in scenario C with α = 0.005. On the top: initial condition IC. On the
bottom: initial condition ICM
.
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Figure 6. Clump Evolution Evolution of the clump mass as a function of semimajor axis. On the left, one clump from the initial
condition set IC, on the right one clump from the initial condition set ICM. The lines represent scenario A (solid gray line), scenario B
(dashed gray line) and scenario C with α = 0.005 with (dashed black line) and without (dashed black line) mass accretion during gap
opening. Units are Jupiter masses and au.
.
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